Background: Inosine, a naturally occurring purine nucleoside, has been shown to stimulate axonal growth in cell culture and promote corticospinal tract axons to sprout collateral branches after stroke, spinal cord injury and TBI in rodent models.
Introduction
Death of neural tissue occurs as the result of traumatic brain injury, stroke and neurodegenerative diseases. Depending on the location and extent of injury, impairments can include disruptions of cognitive, sensory or motor functions. Damage that includes the motor cortex can lead to disruption of motor function, especially fine motor control of the hand which can affect the ability of an individual to complete activities of daily living. While full recovery is rare, partial recovery of motor function often occurs over a number of weeks after cortical injury. Both clinical and animal studies suggest that recovery results from adaptive plasticity and reorganization in intact cortical areas (Carmichael et al., 2016; Caleo, 2015; Barbay et al., 2015; Gleichman & Carmichael, 2014; Di Pino et al., 2014; Starkey & Schwab, 2014; Grefkes & Ward, 2014; Nudo, 2013; Ko & Yoon, 2013; Milliken et al., 2013; Dancause & Nudo, 2011 , Nudo, 2011 . This has been documented in non-human primates (NHPs) following injury to primary motor cortex (M1).
Investigations have demonstrated reorganization in motor cortex immediately surrounding the site of injury, as well as in adjacent supplementary motor cortices, premotor cortices, and even somatosensory cortex in NHPs Darling et al., 2016; Touvykine et al., 2016; Plautz et al., 2016; Wyss et al., 2013; Moore et al., 2012; Darling et al., 2011a Darling et al., ,b, 2009 Eisner-Janowicz et al., 2008; Fukushima et al., 2007; Dancause et al., 2006 Dancause et al., , 2005 Frost et al., 2003; Roitberg et al., 2003; Nudo et al., 2003; Liu and Rouiller, 1999; . In addition, NHP models have been utilized to test the efficacy of various therapies (e.g. cortical stimulation, rehabilitation training, constraint limb therapy, pharmaceutical agents) to enhance cortical reorganization and recovery of function following cortical injury (Plautz et al., 2016; Hoogewoud et al., 2013; Moore et al., 2013; Wyss et al., 2013; Milliken et al., 2013; Higo, 2010; Friel et al., 2007; Barbay et al., 2006a, b, Plautz and Plautz et al., 2000 Plautz et al., , 2003 Friel et al., 2000; Friel & Nudo, 1998) .
Recovery that has been found appears to correlate with a variety of mechanistic processes including dendritic remodeling, synaptogenesis, axonal sprouting and angiogenesis in periinfarct regions. Nevertheless, our understanding of the mechanisms underlying reorganization and plasticity still remains unclear but points to plasticity within these areas as a target for therapeutic intervention (Carmichael et al., 2016; Iaci et al., 2016; Liu & Chopp, 2015; Meng et al., 2014; Barratt et al., 2014; Nouri & Cramer, 2011; Benowitz & Carmichael, 2010; Iaci et al., 2010; Benowitz & Carmichael, 2010; Beck & Plate, 2009; Zhang & Chopp, 2009; Cramer, 2008a Cramer, ,b, 2011 Buga et al., 2008; Carmichael, 2006; Li & Carmichael, 2006; Hayashi et al., 2003; Carmichael & Chesselet, 2002; Beck et al., 2000; Marti et al., 2000; Stroemer et al., 1998; Benowitz & Routtenberg, 1997) . Indeed, a variety of agents that promote plasticity have enhanced functional recovery in rodent models of ischemic stroke (Duricki et al., 2016; George & Steinberg, 2015; Chollet et al., 2014; Dachir et al., 2014; Dhawan et al., 2011; Zai et al., 2009; Papadopoulos, 2009) . normal innervation and this rewiring is accompanied by improved function of the impaired limb (Zai et al., 2011 (Zai et al., , 2009 Smith et al., 2007) . Inosine is a naturally occurring purine nucleoside that is released by cells in response to metabolic stress, crosses the cell membrane and activates Mst3b, a protein kinase that plays a central role in the cell-signaling pathway through which trophic factors stimulate axonal growth (Lorber et al., 2009; Irwin et al., 2006; Benowitz et al., 1998) . In cell culture, inosine stimulates neurons to upregulate expression of growth-associated genes and extend their axons (Conta & Stelzner, 2008; Petrausch et al., 2000; Benowitz et al., 1998; Zurn & Do, 1988) . After spinal cord injury (SCI, dorsal hemisection) in rats, intravenously delivered inosine enhances collateral sprouting from injured corticospinal and raphespinal axons, leading to increased formation of "detour circuits" and improved use of the hindlimbs (Kim et al., 2013) . To build upon the promising findings with inosine in rodent models of stroke, TBI and SCI, and following the recommendations of the Stroke Therapy Academic Industry Roundtable (STAIR, 1999 ) that promising therapies be tested in gyrencephalic species prior to human trials the current study explored, for the first time, the efficacy of daily oral doses of inosine on the recovery of motor function following cortical injury in the rhesus monkey.
Methods

Subjects
A total of 8 adult male rhesus monkeys (M. mulatta) were used ranging in age from 5-15 years (approximately equivalent to humans from 15-45 years of age, Tigges et al., 1988) . Monkeys were obtained from the Caribbean National Primate Research Center and the National Institute of Mental Health. Before entering the study, they received medical examinations that included serum chemistry, hematology, and urine and fecal analysis. Health records were screened to exclude monkeys with a history of malnutrition, diabetes, neurological diseases or chronic illnesses. All monkeys were given initial MRI scans to ensure there were no occult brain abnormalities.
Once enrolled in the study, monkeys were housed in the Laboratory Animal Science Center of Boston University Medical Campus. This is an AAALAC accredited facility, managed by a licensed veterinarian. Experiments were conducted with the approval of the Institutional Animal Care and Use Committee (IACUC) of the Boston University Medical Campus.
Pre-operative training on fine motor function testing
As described in detail previously (Moore et al., 2010) , monkeys were trained on tests of fine motor function of the hand using a testing apparatus that controls, quantifies and video records responses from each hand ( Fig. 1 ). Using this apparatus, the monkeys were trained on the Hand Dexterity Task (HDT) for a total of 15 days (Monday, Wednesday and Friday each week for 5 weeks). The HDT is a modified version of a Klüver board (Klüver, 1935) and requires precise control of the digits, particularly apposition of the thumb and index finger, to retrieve a small, visible food reward (M&M's, Mars, Inc) from two different size round wells in a Plexiglas tray. Food rewards were round and approximately 1 cm in diameter. Both wells were 1 cm deep. The large well was 25 mm wide and the small well was 18 mm wide. Time to retrieve the food reward is recorded by a timer that is connected to photocells that are located in the openings on each side of the apparatus (Fig. 1) . The timer starts when the monkey puts a hand through one of the openings, triggering the photocells to start the timer. The timer stops when the monkey removes his hand. An experimenter records whether or not the reward was successfully retrieved and the response (time to retrieve) is recorded. The HDT has been used to assess fine motor function of the hand and digits in adult monkeys with and without injury to the hand representation in the motor cortex as well as to compare the performance of middle-aged rhesus monkeys to young adult monkeys (Moore et al., 2010 (Moore et al., , 2012 . Each test day consists of 16 trials for each of the two well sizes and for each hand resulting in a total of 32 trials. The order of trials for each hand and well follows a pseudorandom balanced sequence to eliminate any order effects. Monkeys are given 30 seconds to complete a trial. If they do not or would not complete a trial in 30 sec, the trial is terminated and the monkey is given one additional opportunity to complete that trial. After a second failed attempt, a non-response is recorded, the monkey's difficulties are noted in the study record and the next trial is initiated.
Hand preference
At the completion of pre-training on the HDT, free choice trials with both sides of the apparatus baited and accessible are administered to determine which hand is "preferred". This assessment is also compared with the pre-operative acquisition rates for each hand. Based on this assessment, the cortical injury is targeted to the hand representation of the hemisphere controlling the preferred hand to ensure that monkeys are motivated to use the impaired hand during post-operative testing.
Group assignment and blinding
After the completion of pre-training, the monkeys were randomly assigned in a balanced fashion based on pre-operative performance (latencies) to receive either the experimental inosine treatment or vehicle/placebo. All study personnel (surgeons, technicians, behavioral testers, etc.) were kept blind to the assignment during surgery and during all post-operative in-vivo procedures, testing and terminal brain tissue harvest and processing.
Electrophysiological mapping of the hand representation in motor cortex
All surgical procedures were carried out under aseptic conditions. Each monkey was sedated with ketamine hydrochloride (10 mg/kg) and anesthetized with intravenous sodium pentobarbital (15-25 mg/kg) to effect and antibiotics and analgesics were given prior to and during surgery. Many anesthetics are known to be neuroprotective and/or differentially affect cortical excitability and this could potentially impact cortical mapping, the extent of damage that occurs and recovery of function. For our surgical procedure, we use sodium pentobarbital as the anesthesia as it has limited effect on cortical injury and allows for motoric responses to be elicited during the electrical stimulation to map the motor cortex. Heart rate, respiration, temperature, blood oxygenation and muscle tonus were monitored to ensure physiological homeostasis and a safe surgical level of anesthesia. The head was stabilized in a stereotactic apparatus, and a midline incision was made followed by reflection of the temporalis muscle. A bone flap approximately 40 mm in anterior to posterior extent and 35 mm in medial to lateral extent was made centered over the frontal and parietal lobes.
The bone was removed in one piece for later replacement. The dura was incised to expose the precental sulcus and primary motor cortex.
To create reproducible cortical injury and motor deficits, a calibrated photograph of the precental gyrus was taken and printed. The precentral gyrus was then systematically explored using electrical stimulation delivered through a small monopolar silver ball electrode placed gently on the surface of the pia to evoke movements. A surface electrode was used rather than a sharp electrode that could penetrate the cortex (e.g. in order to avoid extraneous damage to the motor cortex outside the hand representation. The stimulating electrode was moved across the precentral gyrus systematically in rows spaced approximately 2 mm apart (anterior to posterior) and separated from the next row by approximately 2 mm (medial to lateral) as shown in Fig. 2 . Monopolar stimulus pulses of 250 msec duration at amplitudes from 2.0 to 3.0 mA were delivered at each site once every 2 seconds first singly and then in a short train of 4 pulses delivered over 40 msec at a rate of 100 Hz. Non-responsive sites were further tested with a 200 Hz train consisting of 4 or 8 pulses of 2 msec duration delivered over 20 or 40 msec respectively. During each stimulation, a trained observer noted muscle movements (eg. distinct movement or twitches of muscle) in specific areas of the digits, hand, forearm or arm, both visually and by palpation. The intensity of the motor response in the hand and digits was graded on a scale of 1 to 5 (barely visible to maximal). Specific stimulation sites with the lowest threshold and highest motor response were marked on the calibrated photograph creating a cortical surface map of the hand area that was used to guide placement of the lesion. (Fig. 2) .
Placement of selective cortical injury
Using the map described above, cortical injury was induced by making a small incision in the pia at the dorsal limit of the mapped representation. A small glass suction pipette was then inserted under the pia and used to bluntly transect the small penetrating arterioles as they enter the underlying cortex. Suction and irrigation with sterile saline was sufficient to stanch any bleeding and maintain a clear field. Since the hand representation is known to extend down the rostral bank of the central sulcus, the sulcus was then opened down to the fundus along the length of the gyral hand representation by microdissection with a small glass pipette and a blunt periosteal elevator, taking care to leave the somatosensory areas on the caudal bank intact. The pia was then dissected with the glass pipette all the way down to the fundus of the sulcus. The hand area in the sulcus was not electro-physiologically mapped with the electrode to avoid inadvertent damage to the somatosensory areas on the caudal bank of the central sulcus as this mapping requires prolonged retraction. However, we have verified in terminal experiments the presence of the hand representation on the rostral bank (unpublished). This pial dissection of penetrating vessels removes the blood supply to the cortex of the hand representation, inducing damage that extends down to the underlying white matter. The cortical map and lesion for each monkey is shown in Fig. 2 . An example of the area and extent of the lesion is shown in Fig. 3 . skin were closed in layers. Immediately following surgery, antibiotics and analgesics were administered and the monkey was kept in an incubator and monitored continuously until anesthesia wore off. They were then returned to their home cage and monitored continuously until fully awake and able to eat and drink. For the next 3-7 days (or as needed) monkeys were given analgesics and monitored regularly for any signs of infection or complications.
Inosine administration
Beginning 24 hours after surgery, monkeys began receiving oral doses of inosine (Anabol Naturals, Santa Cruz, California) or placebo. Inosine was given in a single dose of 500 mg each day by mixing it with 4 ounces of flavored yogurt. The placebo consisted of 4 ounces of yogurt with 50 mg of powered sugar. The doses of inosine and placebo were prepared by a research technician not involved in post-operative testing and were coded so that other technicians feeding the mixture to the monkeys were also blinded to treatment group. The initial administration of either inosine or placebo was given 24 hours after the completion of surgery to induce cortical injury and was continued throughout the 14-week post-operative period with administration at the same time each day. On days of behavioral testing, a technician administered the yogurt compound to the monkeys immediately after the completion of testing. On all days, the technician verified that the monkeys consumed the entire portion of yogurt.
Initial cage-side post-operative assessment
Beginning immediately after recovery from surgery and continuing for 14 days, the upper extremity motor function of each monkey was rated daily in its home cage. Both upper limbs were rated for level of function in terms of tone, tremor, fine motor function of the hand, strength of the hand, digit flexion as well as movements of the forearm, wrist, arm and shoulder using our NHP Upper Extremity Motor Dysfunction Assessment Scale (Table 1) . This scale was adapted from Zhang et al., 2000 and the National Institutes of Health Stroke Scale (http://www.nihstrokescale.org/).
Post-operative testing
Post-operative testing on the HDT began two weeks after surgery and continued for 12 weeks. Testing on the HDT was conducted on Monday, Wednesday and Friday of each week. Seventy percent of the trials required the use of the impaired hand, while 30% were given to the intact hand. The 30% of trials given to the unimpaired hand provide sufficient rewards to maintain motivation and sufficient data to demonstrate that effects are not due to generalized changes in motivation or motor function. Each animal was given 30 seconds to complete a trial as in pre-operative training. The forced use of the impaired hand on 70% of the trials is similar in nature to constraint-induced therapy used in human rehabilitation which forces use of the impaired limb (Kwakkel et al., 2016; Corbetta et al., 2015; Souza et al., 2015) . Testing continued for 12 weeks, the time estimated for monkeys receiving placebo to achieve asymptotic stable performance.
Grasp pattern assessment
Performance on the HDT during pre-operative training and post-operative testing was recorded (up to 30fps) with fixed placement cameras (Logitech, Newark, CA). A licensed Occupational Therapist (M.P.) who has clinical experience in the treatment of patients with upper extremity impairment following stroke, and a trained research technician (B.B.) analyzed the video using our NHP Grasp Assessment Scale (Moore et al., 2012) . This scale was adapted from the Eshkol-Wachman Movement Notation (Whishaw et al., 2002; Carr et al., 1985) and the Fugl-Meyer Motor Assessment scale (Fugl-Meyer et al., 1975) . Our scale rates the position of the digits during grasp and the pattern of grasp and release to provide a semi-quantitative measure of maturity of the grasp pattern. The original scale consisted of 6 hierarchical stages that included distinct features for each stage (see Moore et al., 2012) . In order to increase the sensitivity of this scale for detecting recovery of function, the scale was modified to include 8 divided hierarchical stages, for a total of 14 units with the maximum score of 8 reflecting normal grasp patterns (functional pinch between thumb and one individual digit: Table 2 ).
Perfusion and tissue processing
At the end of the 14 week post-operative period, monkeys were deeply anesthetized with IV sodium pentobarbital (25 mg/kg to effect) and were euthanized by exsanguination during transcardial perfusion of the brain, first for no more than 5 minutes with 4°C Krebs buffer at pH 7.4 and then with 8 liters of 4% paraformaldehyde, pH 7.4 over 10 minutes to completely fix the brain. The skull was opened and the brain was photographed in situ with the photograph aligned to the perspective of the cortical map used to create the lesion. The brain was blocked in situ in the coronal plane to ensure reproducible planes of section during later processing. The brain was removed from the skull, weighed and post-fixed overnight in 4% paraformaldehyde for no more than 18 hours. To eliminate freezing artifact the brain was then transferred to cryoprotectant solutions of glycerol and buffer and flash frozen at −75° C and stored at −80° C (Rosene, et al., 1986) . Frozen blocks were later removed from storage and cut on a sliding microtome into interrupted series of coronal sections (eight series of 30 μm thick sections and one 60 mm thick series, with 300 μm spacing between sections). The 60 μm series was immediately mounted on microscope slides and stained with thionin for lesion reconstruction. Other series were collected in buffer with 15% glycerol, equilibrated overnight at 4°C and stored at −80°C for later histochemical processing.
Lesion volume
To reconstruct the lesion, all sections through the entire extent of the lesion (range of 23 to 31 sections spaced at 300 um intervals) were digitized using an Epson 4490 Scanner to create high-resolution JPEGs of each section. These images were imported into Image J (Schneider et al., 2012) . To estimate the volume of the lesion, the intact gray matter from the depth of the cingulate sulcus on the medial surface to the depth of the lateral sulcus on the lateral surface was outlined excluding the extent of the lesion as defined by the absence of tissue and the presence of intense gliosis or other scar tissue. The same procedure was done at the equivalent anatomical location in the opposite intact hemisphere. The total volume outlined in each hemisphere was determined using the Cavalieri estimator taking the sum of the areas of each section and multiplying by the distance (0.30 mm) between sections (Rosen and Harry, 1990) . This allowed us to estimate the volume of the lesion by subtracting the volume of the gray matter in the damaged hemisphere from the volume in the contralateral intact hemisphere (Table 3 ). Figure 4 shows representative thionin sections through the lesion from one monkey treated with inosine and one monkey given a placebo.
Data analysis
All data analysis was conducted using Data Desk v 6.3 (Data Description, Inc, Ithaca, NY). The analysis showed no difference in the results between the small and large wells so only data from the large well is presented.
Pre-operative HDT
To ensure that pre-operative balancing of group assignment was effective, the mean time to retrieve a food reward from the large well of the HDT over the entire pre-operative testing was determined for each hand. An Independent Samples Student's t-test was used to compare the performance of placebo and treated monkeys on the large well.
Post-operative NHP upper extremity motor dysfunction scale
Beginning on post-operative day 1, the degree of motor impairment in the upper extremity was assessed for each monkey in its home cage using our adapted NHP Upper Extremity Motor Dysfunction Scale which assesses impairments in tone, tremor, fine motor function of the hand, strength of the hand, digit flexion as well as movements of the forearm, wrist, arm and shoulder. Each measure is rated on a scale of 0 (no impairment) up to impairments of 3, 4 or 5 as shown in Table 1 . The mean rating for each animal on the first three (1-3) and last three (12-14) post-operative days prior to the commencement of HDT testing was determined for each measure. The difference in the mean rating between days 1-3 and days 12-14 was then calculated for each animal as a measure of recovery and compared between groups. Separate Independent Samples Student's t-tests were used to compare the recovery scores between groups on the measures of fine motor control, strength of the hands and digit flexion. The Bonferroni correction was used to correct for multiple comparisons.
Post-operative HDT
The mean time to retrieve the food reward from the large well on the HDT across the 12week post-operative period was determined for the large well and the Independent Samples Student's t-test was used to compare the performance between placebo and treated animals on this measure. In addition, the mean time to retrieve a food reward on the HDT during the initial week of post-operative testing and the final week of testing on the HDT for the placebo and treated animals was compared using a two-way repeated measures ANOVA with group (placebo vs. treated) as a between-subject variable and time (initial testing week vs. final week) as a within-subjects variable.
Post-operative grasp assessment
The mean number of post-operative days required to return to asymptotic levels of grasp on the HDT with the impaired hand was determined. A return to asymptotic levels of performance was defined as a grasp assessment score at pre-operative levels (score of 8; functional pinch between thumb and one digit) for 5 consecutive days for each well. If a monkey did not return to pre-operative levels of grasp (score of 8), then the first 5 consecutive days at their highest rating was used as asymptotic performance. An Independent Samples Student's t-test was used to compare the number of post-operative days required to return to asymptotic levels of grasp on the HDT for the impaired hand of the placebo and treated monkeys. In addition, the highest grasp assessment rating achieved across three consecutive testing days during the post-operative period for the HDT was compared between the two groups using a Mann-Whitney U test.
Lesion volume
An Independent Samples Student's t-test was used to compare the volume of the lesion between the placebo and treated animals.
Correlations between lesion volume and motor function
Pearson's r was used to determine if there was a significant linear relationship between the number of post-operative days required to return to pre-operative levels of performance on the HDT, final grasp assessment on the HDT, and final lesion volume.
Results
Pre-operative HDT
The mean time to retrieve a food reward from the large well of the HDT with the preferred hand for the last 5 days of pre-operative testing was determined for each monkey (Table 3 ). An Independent Samples Student's t-test was used to compare the performance of monkeys assigned to the placebo and treatment groups on the large well. This analysis detected no significant difference between the placebo and treated monkeys (p = 0.35), confirming the effectiveness of pre-operative pseudo-random balancing of group assignment.
Post-operative NHP upper extremity motor dysfunction assessment scale
Separate Independent Samples Student's t-tests revealed a significant difference between the groups in terms of the change in the mean rating on the measures of fine motor function, strength of the hand and digit flexion between days 1-3 and days 12-14 (p < 0.003), with a greater degree of recovery in the inosine-treated animals (Fig. 5) . A Bonferroni correction was used to correct for multiple comparisons.
Post-operative HDT
As shown in Fig. 6 , there was no difference between groups on the mean time to retrieve the food reward from the large well of the HDT across the entire 12-week post-operative period (p < 0.654, Student's t-test). A two-way repeated measures ANOVA, comparing the time to retrieve the rewards during the initial week of testing and then during the final week of testing with group (placebo vs. treated) as a between-subject variable and time (initial week vs. final week) as a within-subjects variable, revealed no overall effect of group [F (1, 6) = 0.25, p = 0.623] and no significant group by time interaction [F (1, 15) = 0.03, p = 0.781]. However, as expected, there was a significant effect of time [F (1, 6) = 32.11, p = 0.001] as both groups improved (Fig. 6 ). Figure 7 shows the mean time to retrieve a food reward each day of the pre-and post-operative testing period for each monkey.
Post-operative grasp assessment
An Independent Samples Student's t-test was used to compare the mean number of postoperative days required to reach asymptotic levels of grasp performance on the large well for the impaired hand of placebo compared to treated monkeys. As shown in Fig. 8 , this analysis revealed a significant difference between groups (p < 0.0001), with treated monkeys showing a more rapid recovery of grasp pattern. In addition, the highest grasp assessment rating achieved across the post-operative period was analyzed with a Mann-Whitney U test. Figure 9 shows the mean grasp rating each day of the pre-and post-operative testing period for each monkey.
Finally, as shown in Fig. 10 , this analysis revealed a significant difference between groups on the large well for the highest grasp rating achieved (p < 0.02), with three of the four treated monkeys returning to pre-operative grasp patterns compared to none of the placebo monkeys. Figure 11 shows video clips from one monkey that received placebo and one monkey that received inosine illustrating typical responses at the end of the 14-week evaluation. The monkeys that did not return to the precise finger-thumb pinch action, instead developed a compensatory "scooping" motion that involved using several fingers to push the food reward into the palm of the hand and then close the fingers around the food reward to retrieve it from the well. This represents a compensatory action rather than a more complete recovery as the "scooping" motion does not involve isolated digits as observed during preoperative testing.
Lesion volume
Analysis of the volume of the lesions revealed no significant differences between groups (Table 3) . Pearson's r Correlation revealed no significant linear association between lesion volume and the highest grasp rating (r = -0.318, p = 0.54) across the 12-week recovery period or between volume and the number of post-operative days required to return to preoperative grasp levels of performance on the HDT (r = 0.739, p = 0.09) (Fig. 12) 
Discussion
Summary of findings
During the first 14 days after surgery, there was a significant degree of recovery within the inosine-treated group on measures of fine motor function of the hand, measures of hand strength and digit flexion. There was no effect of treatment on the time to retrieve a reward from the large well on the HDT across the entire 12-week recovery period indicating that the between-group differences found in fine motor control do not reflect differences in motivation or gross movements. In terms of fine motor grasp pattern, the treated group returned to asymptotic levels of grasp performance significantly faster than the untreated group. Additionally, the treated monkeys evidenced a greater degree of recovery in terms of maturity of grasp pattern with three of the four monkeys attaining pre-operative grasp positions. These findings suggest that while all monkeys returned to pre-operative latencies to respond, treatment with oral doses of inosine enhanced the recovery of function in terms of a return to normal finger-thumb grasp pattern rather than developing the compensatory "scooping" grasp pattern observed in monkeys that received placebo (Fig. 11) . In the clinical context, the enhanced recovery of grasp pattern suggests that inosine facilitates greater recovery from this type of cortical injury and motor impairment. To our knowledge, this is the first study to demonstrate the positive effects of inosine for promoting recovery of function following cortical injury in a non-human primate.
Recovery of motor function: Full recovery versus developing compensatory movements
With advances in our understanding of neuroplasticity in the adult brain and growth in the field of neurorehabilitation, there has been a significant increase in the number of studies investigating new therapies for recovery from cortical injury. Recovery of motor function following damage to the motor cortex has been described as either compensatory motor movements, full recovery of normal (baseline) function, or a combination of both occurring during the recovery period (Moon et al., 2009; Metz et al., 2005; Whishaw, 2000) . The distinction between full recovery and compensatory recovery is important as the development of compensatory movements in the upper extremity may not translate into functional use in human patients, as the development of compensatory strategies may inhibit full recovery (Lum et al., 2009) .
In order to unify the use of these terms, Levin and colleagues (2009) offered the following definitions of each term; "recovery of motor performance is the reappearance of elemental motor patterns present prior to central nervous system injury" and "motor compensation is the appearance of new motor patterns resulting from the adaptation of remaining motor elements or substitution, meaning that functions are taken over, replaced, or substituted by different end effectors or body segments". These definitions provide a more precise description of the variance of recovery of motor function that may occur after cortical injury or stroke and enable us to better understand outcomes in studies of treatments for cortical injury and stroke.
Numerous studies have demonstrated that a certain degree of spontaneous recovery occurs after cortical damage that usually consists of only compensatory motor movements. These movements can sometimes be enhanced by rehabilitative training (Nishibe et al., 2015; Barbay et al., 2006a; Nudo & Friel, 1999; . Full recovery to normal baseline function for upper extremity impairments in terms of both speed of performance and grasp patterns is still rare in humans and in animal models of cortical injury, even with training (Plautz et al., 2016) . In the present study, all of the monkeys with a cortical injury to the hand area of primary motor cortex recovered to baseline levels of performance in terms of time to retrieve a food reward. However, only the monkeys treated with daily oral inosine demonstrated greater recovery in terms of a return to normal grasp patterns (finger-thumb pinch; see Fig. 11H ). Specifically, three of the four monkeys receiving inosine demonstrated a recovery of the precise finger-thumb grasp pattern that is typically observed during preoperative training on our motor tasks. In contrast, the monkeys that received a placebo developed a compensatory "scooping" action that involved using multiple digits to draw the food reward out of the well and into the palm of the hand (Fig. 11C&D) . While compensatory motor function may enable a patient to complete a task, a return to normal baseline movement patterns reduces the need for activity adaptations and may allow a more complete return to independence in activities of daily living.
Mechanisms of recovery: Cortical reorganization and cortical plasticity
There is increasing evidence that recovery of motor function following ischemic injury results from reorganization in intact cortical areas including surrounding primary motor, premotor and somatosensory areas and that the reorganization is related to dendritic remodeling, synaptogenesis, axonal sprouting and angiogenesis (Carmichael et al., 2016; Liu & Chopp, 2015; Caleo, 2015; Barbay et al., 2015; Meng et al., 2014; Barratt et al., 2014; Gleichman & Carmichael, 2014; Di Pino et al., 2014; Starkey & Schwab, 2014; Nudo, 2013; Kim et al., 2013; Ko & Yoon, 2013; Milliken et al., 2013; Hoogewoud et al., 2013; Ueno et al., 2012; Dancause & Nudo, 2011 , Nudo, 2011 Benowitz & Carmichael, 2010; Beck & Plate, 2009; Zhang and Chopp, 2009; Buga et al., 2008; Carmichael, 2006; Li & Carmichael, 2006; Dancause et al., 2005; Carmichael et al., 2005; Hayashi et al., 2003; Benowitz et al., 2002; Carmichael & Chesselet, 2002; Beck et al., 2000; Marti et al., 2000; Liu & Rouiller, 1999; Stroemer et al., 1998; Benowitz & Routtenberg, 1997) . It is hypothesized that these processes underlying cortical plasticity likely depend on endogenously secreted growth factors and changes in expression of particular growth associated proteins (Xiong et al., 2010; Chopp et al., 2008; Qu et al., 2007; Sofroniew, 2005; Mahmood et al., 2004 Mahmood et al., , 2005 Chopp and Li, 2002) . Inosine acts intracellulary on neurons by activating the protein kinase Mst3b and inducing the expression of GAP-43 and other gene products that promote axonal sprouting into denervated areas of the nervous system and this plasticity correlates with improved recovery of motor function following cortical or spinal cord injury (Kim et al., 2013; Zai et al., 2009; Lorber et al., 2009; Irwin et al., 2006; Chen et al., 2002) . In a rodent model of ischemic stroke, rats that received inosine were able to retrieve food pellets at 80% of their pre-operative level while untreated rats only reached 40% of their pre-operative level of performance (Zai et al., 2009 ). In addition, in a model of spinal cord injury, rodents that received inosine showed a greater accuracy in hindlimb placement on the ladder-rung walking test (Kim et al., 2013) . In both of these studies, there was a far greater degree of axonal sprouting in the animals treated with inosine. Interestingly, just as in the monkeys reported here, in both rodent models, there was no effect of inosine on lesion size. Together these findings suggest that the action of inosine in the present study likely facilitates restorative processes rather than having a neuroprotective function. Support for plasticity as the mechanism of recovery in the present study also comes from studies investigating the efficacy of cell therapies as a treatment for stroke. Similar to inosine, it is thought that cell therapies do not repair damaged tissue, but instead, produce growth factors and may also induce intrinsic parenchymal cells to produce trophic factors (Kaeser et al., 2010; Xiong et al., 2010; Chopp et al., 2008; Qu et al., 2007; Sofroniew, 2005; Mahmood et al., 2004 Mahmood et al., , 2005 Chopp & Li, 2002) . Specifically, Zhang et al. (2011) demonstrated that a cell therapy enhanced axonal sprouting, synaptogenesis and neural progenitor proliferation following stroke, similar to the reported effects of inosine. Further, using the same non-human primate model of cortical injury, we demonstrated that administration of a cell therapy after injury resulted in a pattern of recovery very similar to what we observed after administering inosine (Moore et al., 2013) . Taken together, the findings with rodent models of cortical injury receiving inosine, and our findings in nonhuman primates receiving inosine or a cell therapy following cortical injury, support the hypothesis that recovery of motor function following cortical injury most likely results from cortical plasticity that facilitates a more complete recovery of motor function, including speed and grasp patterns.
Clinical translation of inosine
Complementing earlier studies showing that inosine enhances recovery of function following stroke, TBI and spinal cord injury in rodents, the present study shows for the first time that inosine is effective after cortical injury in the rhesus monkey. Inosine has also been administered in human clinical trials for multiple sclerosis and Parkinson's disease and has been proven to be safe in doses up 3000 mg/day (Schwarzchild et al., 2014; Markowitz et al., 2009) . Athletes have used inosine as a nutritional supplement for decades, and inosine supplements are widely available commercially. Given the effectiveness of inosine in promoting cortical plasticity, axonal sprouting and dendritic branching (Cipriani et al., 2014; daRocha et al., 2013; Zai et al., 2009; Lorber et al., 2009; Irwin et al., 2006; Benowitz et al., 1998) , the present evidence of efficacy after cortical injury in a non-human primate, combined with a long history of safe use, indicates a need for clinical trials with inosine after cortical injury and spinal cord injury.
Conclusions
Using the terms from Levin et al., 2009 , three of the four monkeys in the current study that received daily doses of inosine following cortical injury demonstrated recovery of function in that they returned to pre-operative baseline motor movements of the hand and digits (finger-thumb pinch grasp). In contrast, the monkeys that received a placebo developed a compensatory grasp pattern that included using multiple digits to "scoop" the reward into the palm of their hand. While the monkeys receiving the placebo were able to perform this compensatory motor function as quickly as the monkeys that demonstrated more complete recovery of the finger-thumb pinch grasp, the return to a more mature grasp pattern would be more functional for human patients and should be the goal of therapeutics for cortical injury and stroke. Based on studies in rodent models of stroke, inosine appears to enhance neural plasticity, which may be the basis for the recovery of function observed in the present study. Further study of cortical tissue from these monkeys is currently being completed and may provide further insights into the mechanisms underlying recovery. A photograph of the plexiglass testing apparatus used to administer the Hand Dexterity Task (HDT). The red arrows indicate the right and left openings that the monkey must put the appropriate hand through in order to retrieve the food reward from the wells in each tray. Photographs showing the stimulation sites on the hand representation maps and the intraoperative lesions for each monkey. On the hand representation maps, the black circles represent stimulation sites that generated a positive response in the hand or digits and the white circles represent stimulation sites that did not generate a positive response. Scale bar = 5 mm Representative thionin sections through the lesion from one monkey that received a placebo and one monkey that received inosine. Extent of lesion is visible to include surface representation of hand area and rostral bank of central sulcus. Scale bar = 10 mm. Graph of difference scores on our Non-Human Primate Upper Extremity Motor Dysfunction Assessment Scale on measures of fine motor function, hand strength and digit flexion between the 1st 3 days (d1-3) and last 3 days (d12-14) of initial post-operative period. Asterisks indicate a significant group difference in recovery on all measures (p < 0.003). Error bars = Standard Error. Graph of the difference in the mean time to retrieve the food reward between the placebo and treated groups during the initial week of testing and the final week of testing. There was no significant difference between the two groups at either time point in terms of the mean time required to retrieve the food reward. This graph also shows the mean time to retrieve rewards across the entire 12-week post-operative testing period on the HDT. There was no significant group difference in the time required to retrieve rewards between the placebo and treated group. Error bars = Standard Error.
Fig. 7.
Graphs of the daily mean time to retrieve a food reward across the pre-& post-operative testing periods for each monkey. The horizontal dashed line on each graph represents the mean time to retrieve across the entire pre-operative testing period. Graph of the significant difference between groups for the number of post-operative days to attain asymptotic levels of grasp performance on the HDT for the impaired hand on the large well. The treated group required significant fewer days to return to asymptotic levels of grasp performance (*p < 0.0001). Error bars = Standard Error.
Fig. 9.
Graphs of the daily grasp assessment across the pre-& post-operative testing periods for each monkey. Graph of the highest rating achieved on the Grasp Assessment Scale by each individual monkey. Three of the four monkeys treated with inosine returned to a score of 8 that represents a return to pre-operative grasp patterns. None of the placebo monkeys achieved a score of 8. Sequences of grasp patterns from pre-& post-operative video from one monkey given a placebo and one monkey treated with inosine. Panels A&E show their pre-operative grasp patterns. Panels B-D show the compensatory "scooping" grasp involving all of the fingers of the impaired hand of a monkey in the placebo group. Arrow in Panel C shows fingers scooping candy into palm of the hand. Panels F-H shows the recovered finger-thumb grasp of the impaired hand of a monkey treated with inosine. This finger-thumb grasp (arrow in Panel H) is a return to pre-operative levels of performance in terms of quality of grasp (see Figs. 7 & 8) . Table 3 This 
